Influenza viruses are the cause of yearly epidemics and occasional pandemics that represent a significant challenge to public health. Current control strategies are imperfect and there is an unmet need for new antiviral therapies. Here, we report the identification of small molecule compounds able to effectively and specifically inhibit growth of influenza A and B viruses in cultured cells through targeting an assembly interface of the viral RNA-dependent RNA polymerase. Using an existing crystal structure of the primary protein-protein interface between the PB1 and PA subunits of the influenza A virus polymerase, we conducted an in silico screen to identify potential small molecule inhibitors. Selected compounds were then screened for their ability to inhibit the interaction between PB1 and PA in vitro using an ELISA-based assay and in cells, to inhibit nuclear import of a binary PB1-PA complex as well as transcription by the full viral ribonucleoprotein complex. Two compounds emerged as effective inhibitors with IC 50 values in the low micromolar range and negligible cytotoxicity. Of these, one compound also acted as a potent replication inhibitor of a variety of influenza A virus strains in Madin-Darby canine kidney (MDCK) cells, including H3N2 and H1N1 seasonal and 2009 pandemic strains. Importantly, this included an oseltamivir-resistant isolate. Furthermore, potent inhibition of influenza B viruses but not other RNA or DNA viruses was seen. Overall, these compounds provide a foundation for the development of a new generation of therapeutic agents exhibiting high specificity to influenza A and B viruses. I nfluenza A (FluA) and B (FluB) viruses cause highly infectious respiratory diseases, characterized by high morbidity and significant mortality. Both viruses are responsible for seasonal epidemics, which affect up to 20% of the population and result in hundreds of thousands of deaths each year (1). At irregular intervals, antigenically novel strains of FluA provoke pandemic outbreaks with higher attack rates and potentially more severe disease. The 1918 "Spanish" pandemic remains the worst example, causing upwards of 50 million deaths. Thus, both types of virus pose a large threat to public health.
Influenza viruses are the cause of yearly epidemics and occasional pandemics that represent a significant challenge to public health. Current control strategies are imperfect and there is an unmet need for new antiviral therapies. Here, we report the identification of small molecule compounds able to effectively and specifically inhibit growth of influenza A and B viruses in cultured cells through targeting an assembly interface of the viral RNA-dependent RNA polymerase. Using an existing crystal structure of the primary protein-protein interface between the PB1 and PA subunits of the influenza A virus polymerase, we conducted an in silico screen to identify potential small molecule inhibitors. Selected compounds were then screened for their ability to inhibit the interaction between PB1 and PA in vitro using an ELISA-based assay and in cells, to inhibit nuclear import of a binary PB1-PA complex as well as transcription by the full viral ribonucleoprotein complex. Two compounds emerged as effective inhibitors with IC 50 values in the low micromolar range and negligible cytotoxicity. Of these, one compound also acted as a potent replication inhibitor of a variety of influenza A virus strains in Madin-Darby canine kidney (MDCK) cells, including H3N2 and H1N1 seasonal and 2009 pandemic strains. Importantly, this included an oseltamivir-resistant isolate. Furthermore, potent inhibition of influenza B viruses but not other RNA or DNA viruses was seen. Overall, these compounds provide a foundation for the development of a new generation of therapeutic agents exhibiting high specificity to influenza A and B viruses. I nfluenza A (FluA) and B (FluB) viruses cause highly infectious respiratory diseases, characterized by high morbidity and significant mortality. Both viruses are responsible for seasonal epidemics, which affect up to 20% of the population and result in hundreds of thousands of deaths each year (1) . At irregular intervals, antigenically novel strains of FluA provoke pandemic outbreaks with higher attack rates and potentially more severe disease. The 1918 "Spanish" pandemic remains the worst example, causing upwards of 50 million deaths. Thus, both types of virus pose a large threat to public health.
Influenza infections can be controlled by vaccination and antiviral drugs. However, vaccines need regular updating because the virus is antigenically labile and are not always protective. Only two classes of drugs are currently approved for the treatment of influenza: M2 ion channel blockers (adamantanes) and neuraminidase (NA) inhibitors (2) . Adamantanes inhibit FluA replication by blocking virus entry. However, they have no activity against FluB viruses, are often associated with serious side effects, and suffer from rapid emergence of drug-resistant viruses (3) . NA inhibitors block the release of virions after budding from the host cell (4). They exhibit activity against both FluA and FluB viruses but can also cause side effects and be nullified by resistance (5) . Thus, there is a clear need to develop novel influenza virus inhibitors, preferably directed against other viral targets.
The influenza virus RNA polymerase is a heterotrimeric complex of three virus-encoded proteins (PB1, PB2, and PA), all essential for viral RNA synthesis (1) . PB1 is the nucleic acid polymerase and forms the backbone of the complex (6, 7) . PB2 and PA play accessory roles, best defined for viral transcription (8) (9) (10) . The three subunits bind each other noncovalently in a set of interactions that are essential for polymerase function. Although the polymerase forms a globular structure (11) , the primary protein-protein interactions are via the N terminus of PB1 with the C terminus of PA (12) (13) (14) and the C terminus of PB1 with the N terminus of PB2 (14, 15) . In contrast to the viral glycoproteins, the polymerase is highly conserved between different viral strains (1) . Thus, inhibition of these interactions represents an attractive strategy for the development of drugs with broad efficacy against all influenza virus strains. Recently, two crystallographic structures of a truncated form of PA bound to a PB1-derived peptide have been published (16, 17) . These structures revealed that the PA-PB1 binding interface consists of an N-terminal 3 10 helix from PB1 that binds into a hydrophobic groove in the C terminus of PA. Importantly, the structures showed that relatively few residues drive binding of PB1 to PA, suggesting the potential for small molecule-mediated inhibition.
Using the crystallographic information, we conducted an in silico screening of 3 million small molecule structures to search for inhibitors of the PA-PB1 interaction. From this screening, 32 compounds emerged as candidates. Here, we evaluated the ability of the compounds to disrupt PA-PB1 interactions both in vitro and in cells and thus inhibit viral replication. One compound (compound 1) was identified as a potent and selective inhibitor of both FluA and FluB viruses.
Results
Identification of Hits in an in Silico Screen. Three million compounds from the ZINC database were screened using FLAP (fingerprints for ligands and proteins) software (18) and the crystal structure of a C-terminal fragment of PA (amino acids 257-716) bound to a PB1-derived peptide (Protein Data Bank code 3CM8) (17) as a template (SI Text and Fig. S1 ). From the virtual screening, 32 molecules were selected.
Development of an Assay to Identify Inhibitors of the PA-PB1 Interaction.
To investigate whether the 32 small molecules selected by virtual screening could indeed inhibit binding between PA and PB1, we developed an ELISA to measure PA-PB1 interactions. Wells coated with 6His-PA 239-716 , a 6His-tagged form of the PA C-terminal domain were incubated with GST-PB1 1-25 , a fusion protein consisting of the N-terminal 25 residues of PB1 (which are sufficient to bind the PA C-terminal domain) (17, 19) , fused to GST. As expected, addition of increasing amounts of GST-PB1 1-25 resulted in increasing absorbance (Fig. 1A) . In contrast, no binding was observed when either GST alone or GST-Ubc9, an irrelevant GST fusion protein, was added. The assay therefore specifically measured interactions between PA 239-716 and the PB1-derived peptide.
To further validate the assay, we tested a known inhibitor of the PA-PB1 interaction (20) , by using increasing concentrations of a synthetic PB1-derived peptide (amino acids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] fused to the translocating domain of HIV Tat protein (PB1 1-15 -Tat peptide). This peptide inhibited the PA-PB1 interaction with an apparent 50% inhibitory concentration (IC 50 ) of 35.5 ± 3.1 μM; a similar IC 50 value (28.4 μM) was obtained for an unfused PB1 1-15 peptide (Fig. 1B) . In contrast, a scrambled peptide that contained the same amino acids as PB1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] but in a random order did not block PA-PB1 binding (Fig. 1B) . Similarly, a peptide corresponding to the last 22 residues of human cytomegalovirus (HCMV) UL54 protein (UL54 peptide), which has been shown to inhibit the interaction between the two subunits of HCMV DNA polymerase (21) , had no inhibitory effect (Fig. 1B) . Thus, this assay could detect specific inhibition of the interaction between PA and the PB1-derived peptide.
Ability of the Compounds to Inhibit the PA-PB1 Interaction. We then used the ELISA to test the ability of the 32 hits to inhibit binding between PA and PB1. Because their solubility ranged between 200 and 1,000 μM in the experimental conditions, each compound was first screened at a fixed concentration of 50 μM. Fourteen compounds consistently caused a decrease in absorbance (Table S1 ). The compounds were similarly assayed in an ELISA we previously used to characterize inhibitors of interactions between the HCMV DNA polymerase subunits UL54 and UL44 (21, 22) . None of the compounds that inhibited the PA-PB1 interaction affected UL54-UL44 binding (Table S1) .
Next, we performed dose-response analyses of the inhibition of the PA-PB1 interaction for the 14 active compounds, and one inactive compound (compound 3) as a negative control. Of these, three compounds-1, 5, and 12-caused a dose-dependent reduction in absorbance with IC 50 values similar to or lower than that of the PB1 1-15 -Tat peptide (∼20-30 μM; Fig. 2A and Table 1 ). Three other compounds-10, 18, and 31-inhibited the PA-PB1 interaction in a titratable manner, but with higher IC 50 values (∼91, 200, and 171 μM, respectively; Fig. 2A and Table 1 ). The remaining compounds did not exhibit reproducible dose-dependent activity (Table S1 ). As further specificity controls, the compounds were titrated by ELISA for inhibition of HCMV DNA polymerase subunit interactions. None of the compounds exhibited a dose-dependent reduction in absorbance up to a concentration of 200 μM. Additionally, an unrelated small molecule, AL5, previously shown to inhibit the interactions between the HCMV DNA polymerase subunits (22) did not interfere with PA-PB1 binding ( Fig. 2A) .
We then tested whether the compounds that inhibited the interaction between PA and the PB1-derived peptide inhibited binding of PA to full-length PB1. To this end, we developed a pulldown assay using the 6His-PA 239-716 fusion protein and in vitro translated, full-length PB1. Consistent with the ELISA studies, the PB1 1-15 -Tat peptide and compounds 1, 5, 10, 12, 18, and 31 interfered with the interaction between PA and PB1, whereas compound 3 did not (Fig. 2B) . A good correlation between the amount of PB1 pulled down in these assays and the degree of inhibition in the ELISAs was seen, suggesting that the inhibitory compounds affected PA binding to full-length PB1 with similar efficiency to that seen for the PB1-derived peptide.
Thus, we identified six small molecules that inhibit the PA-PB1 interaction specifically and in a dose-dependent manner. Fig. 2C reports the structures of the most active compounds.
Cytotoxicity of the Compounds. Next, we tested the cytotoxicity of the test compounds, as well as known antiinfluenza drugs as a reference, in a panel of cell lines. Ribavirin (RBV) and oseltamivir showed CC 50 (concentration that causes a decrease of cell viability of 50%) values >250 μM in all tested cell lines (Table S2) , as previously reported (23, 24) . Compound 12 exhibited elevated cytotoxicity; thus it was excluded from further analysis. In contrast, compounds 1, 3, 5, 10, 18, and 31 showed no significant cytotoxicity up to concentrations of 250-1,000 μM (Table S2) .
Functional Inhibition of PA-PB1 Interactions in Cells. We then tested the ability of the active compounds to interfere with functional interactions between PA and PB1 in a cellular context. First, we investigated whether the inhibitors could affect PA-PB1 binding in the cell cytosol and consequently block the intranuclear translocation of PA, which requires formation of a PA-PB1 complex (25) . Thus, we transfected HEK 293T cells with plasmids expressing PB1 and a PA-GFP fusion protein and analyzed the intracellular localization of PA-GFP in the presence or absence of test compounds. As previously shown (25) , individually expressed PA-GFP was largely cytoplasmic, whereas coexpression of PA-GFP with PB1 resulted in marked nuclear accumulation of PA (Fig. 3A) . Treatment of PA-PB1 coexpressing cells with compounds 1 and 5 reduced PA nuclear localization, whereas DMSO vehicle or compound 3 had no effect (Fig. 3A) . Weak inhibition was observed upon treatment with compounds 10, 18, and 31 ( Fig. S2) . We next analyzed the ability of the compounds to inhibit the activity of FluA virus RNA polymerase by a minireplicon assay (26) . Cells were cotransfected with plasmids encoding the three polymerase subunits and the viral nucleoprotein (NP) along with a plasmid containing the firefly luciferase reporter gene flanked by the noncoding regions of A/WSN/33 segment 8, and treated with test or control compounds. In the absence of inhibitor, the polymerase and NP proteins transcribed the viral-like RNA expressed by the reporter plasmid into mRNA, resulting in luciferase expression. A strong decrease in reporter gene activity was observed in the presence of the PB1 1-15 -Tat peptide. Treatment of transfected cells with compounds 1 and 5 resulted in dose-dependent inhibition of luciferase activity with IC 50 of 18.5 ± 3.8 μM and 31.4 ± 4.2 μM, respectively ( Fig. 3B and Table 1 ). Compounds 10, 18, and 31 exhibited weak inhibitory activity at the highest concentrations, resulting in IC 50 values >100 μM, whereas compound 3 had no effect.
Thus, two of the six compounds that inhibited PA-PB1 binding in vitro also interfered effectively in cells with PA intranuclear translocation and with the catalytic activity of the viral polymerase.
Activity of the Compounds Against FluA Virus Replication. We then investigated the antiviral effects of the compounds in FluA virusinfected MDCK cells. First, we tested the compounds in plaque reduction assays with the A/PR/8/34 (PR8) strain. RBV, a known inhibitor of RNA viruses, exhibited a 50% effective dose (ED 50 ) of 8.4 ± 2.3 μM, consistent with a previous report (27) . Compound 1 inhibited plaque formation with an ED 50 of 18.6 ± 4.1 μM (Fig. 4A and Table S3 ). Compound 5 weakly inhibited virus growth, having an ED 50 >100 μM, whereas compounds 10, 18, and 31 had no significant effect on FluA virus replication at the tested concentrations (Fig. 4A) . The AL5 compound, active against the HCMV polymerase, and compound 3 showed no activity, whereas the PB1 1-15 -Tat peptide exhibited inhibitory activity, as expected (Fig.  4A and Table S3 ). No cytotoxic effect was observed at the tested concentrations for any of the compounds.
Next, we tested the effects of selected compounds in viral yield assays at 12 and 48 h postinfection (p.i.). Compound 1 inhibited virus yield with an ED 50 of 1.5 ± 0.9 μM at 12 h p.i. and of 19.4 ± 3.6 μM at 48 h ( Fig. 4B and Table 1 ). Similarly, compound 5 showed higher activity at 12 h p.i. (ED 50 of 30.7 ± 4.1 μM) than at 48 h p.i. (ED 50 >100 μM). As expected, compound 3 showed no significant antiviral activity at 12 or 48 h p.i., whereas RBV exhibited ED 50 of ∼9 μM at both times p.i. The analysis of the intracellular localization of PA in infected cells in the presence of test compounds (Fig. 4C ) demonstrated that the antiviral effects of compounds 1 and 5 were indeed due to the block of PA intranuclear translocation, likely reflecting inhibition of PA-PB1 interactions in the cytosol.
Then, we analyzed inhibition of viral protein synthesis. MDCK cells were infected with influenza PR8 virus at an multiplicity of infection (MOI) of 5 and treated with compounds 1, 3, and 5. At 
h p.i., [
35 S]-Met was added for 1 h in the cell medium to label de novo viral protein synthesis, which was then analyzed by SDS/ PAGE and autoradiography. Cells treated with compound 1 showed reduced expression of viral proteins ( Fig. 4D ), but as expected, compound 3 had no effect. No significant activity of compound 5 was observed, perhaps due to the high MOI used in these experiments.
We also tested the activity of compounds 1 and 5 against a number of clinical isolates of FluA virus. As with PR8, compound 5 showed weak antiviral activity against several strains in plaque reduction assays (Table S3 ). However, compound 1 effectively inhibited all FluA viruses tested, including pandemic swine-originated influenza virus (S-OIV) strains, with ED 50 ranging from 12.2 to 22.5 μM. Importantly, this included potent activity against an oseltamivir-resistant clinical isolate (A/Parma/ 24/09) (ED 50 of 22.5 ± 3.7 μM; Table S3 ). Thus, compound 1 displays broad-spectrum antiviral activity against FluA virus.
Compound 1 also Blocks FluB Virus Replication. We next investigated whether compounds active against FluA virus polymerase could also inhibit FluB viruses. Thus, compounds 1 and 5 were tested against several FluB virus strains by plaque reduction assays. In these experiments, RBV blocked FluB virus replication with an ED 50 of 12.4 ± 3.4 μM, whereas compound 3 and the unrelated small molecule AL5 had no effect. Compound 1 inhibited the replication of FluB viruses with ED 50 values ranging from 12.5 to 21.0 μM, whereas compound 5 exhibited ED 50 values >100 μM against all virus tested ( Fig. 4E and Table S4 ).
To confirm that the antiviral activity of compound 1 against FluB virus was due to inhibition of the viral RNA polymerase, we investigated whether the compound could inhibit a FluB virus minireplicon system. Compound 1 efficiently reduced expression of the GFP reporter gene, whereas compound 3 showed no effect (Fig. S3) . Thus, compound 1 also inhibits the FluB virus RNA polymerase.
Activity of Compound 1 Against NonInfluenza Viruses. Finally, to further evaluate the therapeutic potential and selectivity of compound 1, we tested its effects on the replication of RNA viruses other than influenza virus: vesicular stomatitis virus, respiratory syncytial virus, measles virus, and coxsackie virus B1. We also tested it against DNA viruses: herpes simplex virus type 1, HCMV, and human adenovirus. Compound 1 did not inhibit the replication of any of the tested viruses (Table S5 ). Thus, compound 1 possesses specific antiviral activity against FluA and FluB viruses.
Discussion
Here we report the identification of small molecules that disrupt the interactions between the PA and PB1 subunits of influenza virus RNA polymerase and block virus growth in cell culture. Several of these compounds showed no cytotoxicity at concentrations up to 1 mM and one molecule-compound 1-blocked the formation of virus progeny with low micromolar potency, thus having a selectivity index >500. Additionally, the most active compound was effective not only against FluA but also against FluB. Conversely, in contrast to other antiviral agents that act on viral RNA polymerases such as RBV (27) and favipiravir (T-705) (23) , this compound does not possess broad-spectrum antiviral activity against RNA and DNA viruses of other families.
Our work provides a proof-of-principle that the PA-PB1 interaction can be disrupted by a small molecular-weight compound. A major obstacle to the inhibition of protein-protein interactions is that these interactions often involve a large, flat surface area and multiple contacts (28, 29) and therefore they cannot be easily disrupted through the binding and competition of a small molecule. Thus, whereas there are numerous reports of the use of dominant negative proteins, antibodies, or peptides to inhibit protein-protein interactions (e.g., refs. 30, 31) , there are few examples of small "drug-like" molecules that selectively disrupt these interactions. In the case of the FluA virus polymerase complex, a 25-amino-acid peptide corresponding to the PA-binding domain of PB1 has been shown to block the polymerase activity of FluA virus and inhibit viral spread (19) . However, although these results demonstrate the feasibility of targeting the protein-protein interaction domains of the influenza virus polymerase complex, one should keep in mind that the in vivo use of peptides is often thwarted by a number of problems, particularly in relation to their cell permeation, intracellular localization, and stability. Thus, synthetic peptides rarely reach the clinics. Recent crystal structures and mutational studies showed that only a small subset of amino acid residues in PA and PB1 contribute to most of the free energy of binding (16, 17) . In addition, it has been shown that alteration of these conserved residues abrogates subunit interactions accompanied with restricted assembly of polymerase heterotrimers, resulting in decreased polymerase activity (32, 33) . These observations prompted us to search for nonpeptide molecules, with low toxicity, that efficiently penetrate the plasma membrane and bind with high affinity to their targets. Our successful efforts have led to the discovery of structurally diverse small molecules that can provide the basis for developing new antiinfluenza drugs.
The inhibitors that we have identified have a number of advantages compared with other classes of antiinfluenza compounds. First, because protein-protein interactions are highly specific, their inhibitors are likely to be highly specific. In line with this specificity, our compounds did not inhibit the replication of DNA viruses or of RNA viruses other than influenza virus. Further supporting their specificity, the active compounds did not exhibit significant cytotoxicity in cell culture, although their toxicities in vivo remain to be investigated.
A major concern in the use of antiinfluenza drugs is the development of resistance (34) . Our antiviral agents have a different mode of action to the current antiinfluenza drugs and thus are unlikely to suffer from cross-resistance. In fact, here we show that the most active of our molecules-compound 1-inhibited the replication of an oseltamivir-resistant virus strain. In addition, the possibility of targeting other interaction sites in the polymerase complex, e.g., those between PB1 and PB2 (35) , may allow the generation of an antiviral mixture that could reduce the probability of generating escape mutants.
Finally, because the amino acids of both PB1 and PA that are essential for polymerase subunit interaction are highly conserved among all known FluA virus strains (19, 36) , inhibitory molecules will likely have broad efficacy against FluA viruses of both human and animal origin. Consistent with this prediction, here we show that compound 1 inhibited the replication of a number of FluA virus strains, including the new pandemic S-OIV. Furthermore, our identification of a compound that inhibits the replication of both FluA and FluB viruses suggests the possibility of developing drugs that are active against both major subtypes of human orthomyxoviruses. This compares favorably with adamantanes, which are only effective against FluA virus (2) . It is also noteworthy that compound 1 exhibited similar potencies against FluA and FluB viruses, whereas oseltamivir is less active against FluB than FluA virus (37) .
By analyzing FLAP virtual screening docked poses of compound 1 with the PA subunit of FluA virus RNA polymerase, possible molecular explanations for the broad-spectrum activity of compound 1 can be proposed. The similarity score between compound 1 and the PA cavity is mainly driven by hydrophobic interactions, in agreement with previous data showing the cavity's hydrophobic nature (36) . The best pose for compound 1 in the PA structure obtained by optimizing the hydrophobic interactions is reported in Fig. 5A . Intriguingly, compound 1 appears to be docked in a region of the PA cavity where PB1-interacting residues (16, 17, 36) that are highly conserved residues among all FluA virus strains are present (i.e., Q408, F411, N412, I621, G622, E623, L640, and W706). In particular, it is notable that the 1,3-benzodioxole moiety of compound 1 is oriented toward W706, likely involving π-π interactions and H-bond interactions. Another conserved residue, I621, is also linked to compound 1 via hydrophobic interactions. The compound 1-PA interaction pattern is completed by K643; this residue is not reported to interact with PB1, but it is located in the PA cavity in proximity to W706. These observations could account for the broad efficacy of compound 1 against FluA virus strains. To explore the ability of compound 1 to also inhibit interactions between the PA and PB1 proteins of FluB virus, a homology model for FluB PA was built (SI Materials and Methods). Residues corresponding to Q408, N412, T618, I621, K643, L666, Q670, and W706 of FluA PA are conserved in FluB and match well upon structural alignment (Fig. 5B) . Despite their role in PB1 binding, T618 and Q670 of FluA PA are not involved in compound 1 binding, being located in the outer part of the cavity. An analysis of the binding site of FluA and FluB PA for compound 1 and of the interaction energies showed that, despite the cavities of FluA and FluB PA having different shapes (Fig. 5C) , the I621/617, G622/618, K643/ 639, and W706/702 residues of FluA and FluB PA are most likely crucial for the interaction with compound 1 (Fig. 5C ).
In conclusion, our screen has resulted in the identification of a new class of influenza virus inhibitors that act by targeting the PA-PB1 interaction. Optimization of these compounds, in particular compounds 1 and 5, could result in the development of a new generation of therapeutic agents exhibiting high specificity and low resistance to influenza virus.
Materials and Methods
For a complete description of the source of materials and our methods, see SI Materials and Methods. It includes detailed procedures for the virtual screening and homology model creation, expression and purification of proteins, PA-PB1 interaction ELISA, and His-pulldown assay. It also includes description of PA-PB1 nuclear import assays, luciferase-based reporter assays, the cytotoxicity assay, plaque assays, virus yield reduction assays, analysis of viral protein synthesis, and antiviral assays with noninfluenza viruses. 
Supporting Information
Muratore et al. 10 .1073/pnas.1119817109
SI Text
An in silico procedure based on FLAP (fingerprints for ligands and proteins) software (1, 2) was used to perform a structurebased virtual screening for the selection of candidate inhibitors of the PA-PB1 interaction. FLAP is a screening program based on 3D-molecular similarity and has been successfully used on both structure-based and ligand-based projects (3) (4) (5) . The FLAP algorithm functions by superimposing test molecules onto one or more templates, that can be proteins or other molecules, and by measuring common molecular interaction field (MIF) overlaps (2) . Scoring functions are used to obtain a similarity ranking of the test molecules on the basis of the MIF volume overlap. Here, the aim was to search small molecule compounds having high affinity for the PA-PB1 interaction site. The crystallographic structure of a large C-terminal fragment of PA (amino acids 257-716) bound to a PB1-derived peptide (Protein Data Bank, PDB, code 3CM8) (6) was modified by removing the PB1 moiety. FLAP automatically identified the formed cavity in the PA subunit and described the cavity in terms of molecular interaction fields from GRID force field (7). Taking into account that the PA subunit might assume different conformations in a nonbound state, six additional snapshots of the PA subunit extracted from the 3CM8 structure were created (Fig. S1A ) using the molecular dynamic (MD) protocol in AMBER software inside Sybyl suite. Thus, seven cavities from the PA conformations were then used as templates for structure-based virtual screening. A comparative analysis of the cavities for the seven PA conformations showed that the shape and volume can significantly mutate (Fig. S1B) and that the smallest cavity belongs to the PA crystal structure template (PDB code 3CM8), which corresponds to the conformation bound to PB1. A selection of 3 million compounds from the ZINC database was used for virtual screening and the first 4,000 top ranked compounds were selected. The compounds were then filtered by absorption, distribution, metabolism, and excretion (ADME) properties to avoid those compounds having a too low or a too high solubility, as well as too flexible or highly charged compounds. In total, 293 compounds showed good ADME properties and high similarity scores for the majority of the protein cavity snapshots. Among the 293 compounds, 32 molecules were selected according to their availability, cost, and drugability. Details on computational methods are given in SI Materials and Methods.
SI Materials and Methods
Computational Methods. Molecular dynamics simulations. The crystal structure of the PA-PB1 complex of FluA virus (PDB code 3CM8) was used as the initial structure of our simulation. Molecular dynamics (MD) simulations were performed to obtain dynamic structural information about the PA cavity using Sybyl package. The aim was to build a dynamic PA pharmacophoric model to describe the dynamic interaction features of the protein-protein complex more accurately than using the static crystal structure. All of the calculations of energy minimization and system equilibration protocols were performed with the AMBER suite through Sybyl interface. To keep the whole system neutral, Cl-counterions were added and then solvated using water molecules around the complex. The system was annealed from 0 to 300 K over a period of 20 ps and equilibrated for 20 ps at a temperature of 300 K, then again equilibrated for 200 ps, while maintaining the force constants on the restrained atoms. The final phase of the simulation was run under the same conditions for a total of 3 ns. Each of the MD snapshots extracted using normal-mode analysis was submitted to FLAP analysis to find the surface binding pockets and the corresponding proteinsnapshot pharmacophoric features. The procedure was repeated for all of the protein snapshots and the single pharmacophoric features were collected in a unique global "dynamic pharmacophore" model. Finally, the global pharmacophore was used as a template in a virtual screening for compounds selection. Virtual screening. The crystal structure 3CM8 and the six conformations were used as templates for structure-based virtual screening using FLAP software. A ZINC compound library of trusted vendors was used for screening. The GRID (7, 8) probes defining shape (H), hydrophobic interactions (DRY), H-bond donor (N1), and H-bond acceptor interactions were used to generate the molecular interaction fields and evaluate the similarity between the screened compounds and the protein cavities. VolSurf+ software (9) was then used to filter the best 4,000 compounds by ADME properties. Homology model. Comparative modeling of FluB was performed using FluA as a structural template. The sequence of FluB was aligned to FluA using ClustalW (10) with standard settings as implemented in Jalview 2.6.1 (11) . Modeller (12) was then used to mutate the structural template into FluB, according to the sequence alignment, and the structure optimized using spatial restraints to best fit the FluA template crystallographic coordinates.
Compounds and Peptides. Ribavirin (RBV; 1-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) and oseltamivir carboxylic acid, the active form of oseltamivir [(3R,4R,5S)-4-acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-carboxylic acid] were obtained from Roche. Ganciclovir (GCV) and amantadine were purchased from Sigma. Test compounds were purchased from SPECS, Chembridge, and VITAS-M and dissolved in dimethyl sulfoxide (DMSO).
The PB1 1-15 and PB1 1-15 -Tat peptides were synthesized and purified by the Peptide Facility of CRIBI Biotechnology Center (University of Padua, Padua, Italy). The PB1 1-15 -Tat peptide possesses a C-terminal sequence from the HIV Tat protein (amino acids 47-59), which has been shown to mediate cell entry (13) . A scrambled peptide consisting of the same amino acid composition as the PB1 1-15 peptide but with the order randomized was purchased from Sigma. The peptide corresponding to the last 22 residues of HCMV UL54 was synthesized as described (14) . All peptides were dissolved in water.
Plasmids. Plasmids pcDNA-PB1, pcDNA-PB2, pcDNA-PA, and pcDNA-NP, containing cDNA copies of the influenza A/PR/8/ 34 PB1, PB2, PA, and NP genes, respectively, were created as described elsewhere (15) . Plasmid pPolI-Flu-ffLuc, which contains an influenza virus-based luciferase minireplicon vRNA under the control of the human RNA polymerase I promoter (16) , was provided by L. Tiley (University of Cambridge, Cambridge, UK). Plasmid pRL-SV40 expressing the Renilla luciferase was purchased from Promega. Plasmids pCI-PB1, pCI-PB2, pCI-PA, and pCI-NP, expressing B/Panama/45/90 polymerase and NP proteins (17) , and plasmid pPolI-HA-GFP, which contains an influenza virus-based green fluorescent protein (GFP) minireplicon vRNA under the control of the human RNA polymerase I promoter, were a gift of W. S. Barclay (Imperial College, London, UK). The pcDNA-PA-GFP plasmid, which encodes a PA-GFP fusion protein (18) , was kindly provided by E. Fodor (University of Oxford, Oxford, UK). To generate the pET28a-PA 239-716 plasmid, which encodes a 6His-PA 239-716 fusion protein, PA coding sequence was amplified from pcDNA-PA by PCR with primers 5′-TTTATGAATTCAACGGCTA-CATTGAGGGC-3′ and 5′-TAAAGCGGCCGCCTAACTCA-ATGCATGTGT-3′ and cloned into the EcoRI/NotI sites of pET28a (Novagen). To obtain plasmid pD15-PB1 , the DNA sequence encoding the first 25 residues of PB1 was amplified from pcDNA-PB1 plasmid with primers 5′-AAAAAACTCGA-GATGGATGTCAATCCGACC-3′ and 5′-TAAAAAACGCG-TCTAGGTATAAGGGAAAGTC-3′ and cloned into the XhoI/ MluI sites of pD15-GST (19) . Both expression plasmids were sequenced to verify correctness of the constructs and the absence of undesired mutations.
Cells and Viruses. Human embryonic kidney (HEK) 293T, MadinDarby Canine Kidney (MDCK), human lung carcinoma (A549), African Green Monkey kidney (Vero), mouse fibroblast (L929), human laryngeal carcinoma (HEp-2), and human foreskin fibroblast (HFF) cells were maintained in DMEM (Life Biotechnologies) supplemented with 10% (vol/vol) FBS (Life Biotechnologies). All cells were grown in the presence of 100 units/mL penicillin and 100 μg/mL streptomycin (Life Biotechnologies) and were maintained at 37°C in a humidified atmosphere supplemented with 5% CO 2 .
Influenza Protein Expression and Purification. Escherichia coli-expressed, purified GST, and GST-Ubc9 (a fusion between GST and Ubc9, the cellular SUMO-conjugating E2 enzyme) proteins were obtained as previously described (19) .
To obtain the 6His-PA 239-716 protein, the pET28a-PA 239-716 plasmid was transformed into E. coli strain BL21(DE3)pLysS (Stratagene). Typically, cells were grown in Luria Bertani (LB) medium containing 50 μg/mL kanamycin until the OD 600 was 0.8 and then induced by the addition of 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG, ICN) overnight (O/N) at 16°C. Cells were pelleted, resuspended in 20 mM Tris-HCl pH 8.0, 500 mM NaCl, 500 mM urea, 10 mM β-mercaptoethanol, 25 mM imidazole, 1 mg/mL lysozyme, and complete protease inhibitors (Roche Molecular Biochemicals), and then lysed by two freeze/thaw cycles and by sonication. The lysate was centrifuged at 16,000 × g for 30 min, applied to a 0.5-mL Ni-NTA agarose resin column (Qiagen) that had been equilibrated in resuspension buffer. Protein was eluted with 20 mM Tris-HCl pH 8.0, 500 mM NaCl, 500 mM urea, 10 mM β-mercaptoethanol, and 250 mM imidazole.
The GST-PB1 1-25 fusion protein was purified from E. coli BL21 (DE3)/pLysS harboring the pD15-PB1 1-25 plasmid. Cells were grown in LB medium containing 100 μg/mL ampicillin until the OD 600 was 0.8 and then induced by the addition of 0.5 mM IPTG O/N at 16°C. Cells were pelleted, resuspended in 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 20% (vol/vol) glycerol, 5 mM DTT, 1 mg/mL lysozyme, and complete protease inhibitors, and then lysed by two freeze/thaw cycles followed by sonication. The lysate was centrifuged at 16,000 × g for 30 min, applied to a 0.5-mL glutathione-sepharose 4 FastFlow column (Amersham Pharmacia Biotech) that had been equilibrated in lysis buffer. , and imaged using a Leica TCS-NT/SP2 confocal microscope equipped with a 63× oil immersion objective. Images were digitally analyzed with Leica software. For analysis of PA localization in infected cells, MDCK cells were seeded at 2 × 10 5 per well on glass coverslips in 24-well plates. The next day, cells were infected with PR8 at a multiplicity of infection (MOI) of 2 in the presence of the test compounds or DMSO. At 6 h p.i., cells were fixed and then permeabilized as described above. After washing with PBS, cells were incubated with a primary rabbit anti-PA antibody (21); bound antibody was then detected by a secondary goat antirabbit fluorescein-conjugated antibody (Ig-FITC, Chemicon International) at a dilution of 1:100 for 1 h at 37°C. Samples were then analyzed by confocal laser microscopy as described above.
Minireplicon Assays. For FluA virus minireplicon assays, HEK 293T cells were seeded into 24-well plates at a density of 2 × 10 5 cells per well and incubated O/N at 37°C. Cells were then cotransfected with pcDNA-PB1, pcDNA-PB2, pcDNA-PA, pcDNA-NP plasmids, with the influenza virus-specific RNA polymerase I-driven firefly luciferase reporter plasmid (pPolI-Flu-ffLuc), and with pRL-SV40 plasmid (coding for Renilla luciferase), which served to normalize variations in transfection efficiency. Transfections were performed with Arrest-IN (Biosystems) according to the manufacturer's recommendations in the presence of the test compounds, PB1 1-15 -Tat peptide, or DMSO. Cell medium was replaced 5 h posttransfection with DMEM containing compounds, PB1 1-15 -Tat peptide, or DMSO. At 24 h posttransfection, cells were harvested and both firefly luciferase and Renilla luciferase expression were determined using the Dual Luciferase Assay kit from Promega. The activity measured in control transfection reactions containing DMSO was set at 100%.
For FluB virus minireplicon assays, HEK 293T cells were cotransfected with pCI-PB1, pCI-PB2, pCI-PA, pCI-NP plasmids and with the pPolI-HA-GFP reporter plasmid expressing RNA polymerase I-driven GFP. Transfections were performed in the presence of the test compounds or DMSO as described above. Cell medium was replaced 5 h posttransfection with DMEM containing compounds or DMSO. At 24 h posttransfection, cells were fixed for 20 min with 4% (vol/vol) formaldehyde in PBS and then permeabilized with 0.2% Triton X-100 in PBS for 5 min at RT. Cells were then were incubated for 20 min with TOTO-3 iodide (Molecular Probes) in PBS and 4% (vol/vol) FBS, and imaged by confocal microscopy as described above. +, inhibition of interaction; ±, weak inhibition of interaction; −, no inhibition of interaction; IC 50 , concentration of the compound that inhibits 50% of PA-PB1 interaction; ND, not determined. CC 50 , concentration of the compound that produces 50% cytotoxicity as determined by MTT assays; ND, not determined; RBV, ribavirin. Reported values represent the means ± SD of data derived from at least three independent experiments.
